The nuclear receptors, steroid and xenobiotic receptor (SXR) and constitutive androstane receptor (CAR) play important functions in mediating lipid and drug metabolism in the liver. The present study demonstrates modulatory actions of estrogen in transactivations of SXR-mediated liver X receptor response element (LXRE) and CAR-mediated phenobarbital response element (PBRU). When human estrogen receptor (hERα) and SXR were exogenously expressed, treatment with either rifampicin or corticosterone promoted significantly the SXR-mediated transactivation of LXRE reporter gene in HepG2. However, combined treatment with estrogen plus either rifampicin or corticosterone resulted in less than 50% of the mean values of the transactivation by rifampicin or corticosterone alone. Thus, it is suggested that estrogen may repress the SXR-mediated transactivation of LXRE via functional cross-talk between ER and SXR. The CAR-mediated transactivation of PBRU was stimulated by hERα in the absence of estrogen. However, the potentiation by CAR agonist, TCPOBOP, was significantly repressed by moxestrol in the presence of ER. Thus, ER may play both stimulatory and inhibitory roles in modulating CAR-mediated transactivation of PBRU depending on the presence of their ligands. In summary, this study demonstrates that estrogen modulates transcriptional activity of SXR and CAR in mediating transactivation of LXRE and PBRU, respectively, of the nuclear receptor target genes through functional cross-talk between ER and the corresponding nuclear receptors.
Introduction
Estrogen plays important biological functions not only in the development of female reproduction and cellular proliferation but also in lipid metabolism and biological homeostasis in different tissues of body (Archer et al., 1986; Croston et al., 1997; Blum and Cannon, 2001; Deroo and Korach, 2006; Glass, 2006) . Estrogen action is mediated by the nuclear estrogen receptor (ER), which is a ligand-dependent transcription factor and consists of different regulatory domains with distinct biological functions (Evans, 1988; Beato, 1989) . Ligand-bound ER either binds to estrogen response element (ERE) directly or interacts indirectly to the DNA through protein-protein interactions with other transcriptional factors in estrogen-responsive target genes (Paech et al., 1997) . Ligand binding induces a conformational change of the ER and recruits different sets of coactivators or corepressors that determine biological activity by changing the transcriptional responses according to the physiological needs (Katzenellenbogen and Katzenellenbogen, 2000) .
Recent studies (Min et al., 2002b) demonstrated that the action of ER in transcriptional activity can be modulated by functional cross-talk between ER and other nuclear receptors. Specifically, the xenobiotic nuclear receptors, constitutive androstane receptor (CAR) and steroid and xenobiotic receptor (SXR), inhibit ER-mediated transactivation. These xenobiotic receptors play important roles in modulating steroid hormone homeostasis and drug metabolism by mediating cellular physiological responses not only to the endogenous compounds such as hormones but also to the exogenous chemical compounds such as drugs and environmental pollutants.
The orphan nuclear receptor CAR mediates induction of cytochrome P450 (CYP)2B genes, which are steroid hydroxylases, by the classical inducer of drug metabolism, phenobarbital (PB), in the liver (Wei et al., 2000; Min et al., 2002a Min et al., , 2002b . CAR is sequestered in the cytoplasm and upon exposure to agonists, such as PB and 1 , 4 -b is -( 2 -( 3 ,5 -d ic h lo r o p y r id o x y l) ) b e n z e n e (TCPOBOP) (Tzameli et al., 2000) , translocated into the nucleus (Kawamoto et al., 1999; Min et al., 2002a) , where it binds to its cognate recognition sites called nuclear receptor (NR)-1 and NR-2 as a CAR/retinoid X receptor (RXR) heterodimer in the phenobarbital-responsive enhancer (PBRU) of the CYP2B genes (Trottier et al., 1995; Honkakoski et al., 1998; Kawamoto et al., 1999; Kim et al., 2001; Min et al., 2002a) . Although transcriptional activity of CAR is ligand-independent, some of CAR inducers such as TCPOBOP can bind CAR directly and enhance its transcriptional activity by promoting the interaction of CAR with the coactivators, steroid hormone receptor coactivator (SRC)-1 (Forman et al., 1998; Moore et al., 2000; Tzameli et al., 2000) and glucocorticoid receptor interacting protein (GRIP)-1 (Min et al., 2002a) .
The steroid and xenobiotic nuclear receptor SXR can modulate transcription in response to diverse natural and synthetic compounds with a broad spectrum of ligand specificity and low-affinity. It is highly expressed in liver, the major expression site of steroid and xenobiotic-metabolizing enzymes, and intestine known to play important role in the first stage of metabolism of dietary compounds (Kolars et al., 1991; Blumberg et al., 1998) . SXR forms a heterodimer with RXR that can bind to and induce transcription from the response elements of cytochrome P450 genes including CYP3A4 and CYP2A that are involved in steroid and xenobiotic metabolism (Gonzalez, 1992; Blumberg et al., 1998) . SXR is activated by a variety of xenobiotic compounds, including drugs such as rifampicin, steroid receptor agonists and antagonists such as estrogen and tamoxifen respectively, and bioactive dietary compounds such as phytoestrogens (Blumberg et al., 1998) . Thus, it was hypothesized that SXR acting as a broad sensor nuclear receptor may monitor aggregate levels of diverse inducers in order to modulate expression of xenobiotic-metabolizing enzymes (Blumberg et al., 1998) . The structural diversity of compounds that activate SXR and the fact that some of these compounds can also interact with classic steroid hormone receptors suggest that multiple signal cross-talk mechanisms might be involved.
The liver X receptor (LXR) is an orphan nuclear receptor that plays important physiological roles in the regulation of lipid metabolism. LXR serves as a sensor of cellular cholesterol and regulate the expression of genes such as CYP7A1 involved in the maintenance of cholesterol homeostasis and fatty acid biosynthesis (Glass, 2006) . LXR recognizes DR-4 LXR response elements (LXREs) as a heterodimer with RXR, and 9-cis retinoic acid was reported to be a potent activator of LXR transcriptional activity (Willy et al., 1995; Glass, 2006 : Matsukuma et al., 2007 . A previous report also demonstrated that LXR heterodimerizes with peroxisome proliferator activated receptor (PPAR) to regulate gene expression suggesting possible interactions with other related nuclear receptors (Miyata et al., 1996) .
Nuclear receptors can positively or negatively regulate gene expression by several mechanisms. Many nuclear receptors can inhibit signal-dependent activation of promoters by other classes of transcription factors in a ligand-dependent manner. An example of this is the ability of the glucocorticoid receptor to inhibit activation of inflammatory response genes by signal-dependent transcription factors such as activator protein-1 and NF-κB (De Bosscher et al., 2003; Glass, 2006) . The nuclear receptors are tethered to target promoters through protein-protein interactions (Glass, 2006) . This trans-repression accounts for a majority of the anti-inflammatory actions of synthetic glucocorticoids such as dexamethasone (Glass, 2006) and may be an important mechanism by which other nuclear receptor ligands such as estrogens exert modulatory effects.
The liver is the major organ that metabolizes steroids and xenobiotic chemical compounds, and one of the target organs for estrogen action in the body (Min et al., 2002b) . ER and the orphan nuclear receptors, SXR and CAR, and their heterodimeric partner RXR are all expressed in the liver (Kliewer et al., 1999) . Although several studies have been reported on the modulation of ER transcriptional activity by other nuclear receptors (Glass et al., 1988; Kraus et al., 1995; Nuñez et al., 1997; Duan et al., 1999; Ricci et al., 1999; Min et al., 2002b) , it is not known whether ER can modulate transcriptional activities of the xenobiotic nuclear receptors, SXR or CAR. Accordingly, this study examined modulatory actions of estrogen in transactivations of both SXRmediated LXRE and CAR-mediated PBRU in a human hepatoma cell line, HepG2. Effects of estrogen, rifampicin, and corticosterone on the LXRE transactivation in HepG2 cells. HepG2 cells were transfected with 250 ng of (LXRE)3-tk-luciferase vector and 10 ng of pRLSV40 as an internal control for transfection efficiency in the presence of pCMX-SXR (10 ng) and pCMV-hERα (2.5 ng). The ligands were added for 24 h after transfection as indicated: 10 nM of 17β-estradiol (E2) for ER and 10 μM of rifampicin (Rif) or 10 μM of corticosterone (Ct) for SXR. The cells were harvested for dual luciferase assays. The values for firefly luciferase were normalized by dividing by Renilla luciferase values. The standard errors of the mean were calculated from six independent transfection experiments. Bars with different superscript letters differ significantly (P ＜ 0.05).
Results

Estrogen induces ER-mediated transactivation of a synthetic ERE-driven promoter in HepG2
In order to verify that estrogen can induce ERmediated transactivation of a cognate synthetic ERE in the cell culture system, transient transfection experiments were carried out in a human hepatoma cell line. HepG2 cells were cotransfected with expression plasmids of a human ER and the orphan nuclear receptors, SXR and RXR, and a luciferase reporter plasmid containing a synthetic four ERE (4ERE) in the upstream of the thymidine kinase promoter. As shown in Figure 1 , treatment with 10 nM 17-β estradiol (E2) markedly stimulated (25-fold) the ER-mediated expression of the luciferase reporter gene. In contrast, treatment with either 10 μM rifampicin or 10 μM corticosterone, the ligands for SXR, did not transactivate the (4ERE)-tk-luciferase reporter (Figure 1 ). In addition, consistent with a previous report (Min et al., 2002b) , co-treatment with rifampicin inhibited the estrogen stimulated ER transactivation by 40% (Figure 1 ). However, activation of SXR by corticosterone did not affect the estrogen stimulated ER transcriptional activity. These results indicate that estrogen induces ER-mediated transactivation of ERE in HepG2 cells and thus can be used as a functional control to examine the effects of ER on transcriptional modulations of the xenobiotic nuclear receptors, such as SXR and CAR, in context to their target response elements in this assay system.
Activated ER inhibits transactivation of LXRE by ligand-activated SXR in HepG2
This study also examined whether SXR can transactivate LXRE in the transient transfection system of cultured HepG2. Whereas ER did not transactivate a synthetic (LXRE) 3 -tk-luciferase reporter gene, the ligand-activated SXR either by rifampicin or corticosterone significantly induced transcriptional activation of the LXRE-driven promoter by 12-and 30-fold respectively (Figure 2 ). This study then determined if estrogen can modulate the SXR-mediated transactivation of LXRE via functional cross-talk between ER and the ligand-activated SXR. Treatment with E2 caused a significant reduction in the SXR-mediated transactivation of LXRE by rifampicin or corticosterone (Figure 2 ). Co-treatments with estrogen resulted in less than 50% in mean values of the transactivation by rifampicin and corticosterone alone.
PBRU is transactivated by CAR but not by ER
In order to examine the effects of estrogen on CAR-mediated transactivation of PBRU, this study first determined if estrogen can induce PBRU transactivation in the absence of CAR transfected in transient transfection system. When HepG2 cells were cotransfected with hER and a reporter plasmid containing a synthetic four repeats of NR1 site of CYP2B1 PBRU (CYP2B1NR14) in the upstream of the CYP2C1 promoter, treatment with 10 nM moxestrol (MoxE2) did not induce transactivation of the synthetic PBRU NR1 suggesting that PBRU is not transactivated by ER in HepG2 cells ( Figure  3 ). In contrast, as reported previously, transfection of CAR induced PBRU transactivation and treatment with 10 μM TCPOBOP further enhanced the CAR-mediated PBRU transactivation by 3-fold (Figure 3) . These results indicate that transactivation of PBRU can be used to examine the possible cross-talk between CAR and ER.
ER can modulate CAR-mediated transactivation of PBRU in HepG2
This study further determined if ER can play a regulatory role in CAR-mediated transactivation of PBRU. sThe CAR-mediated transactivation of CYP2B1PBRU-2C1-luciferase was not affected by MoxE2 in the absence of hERα. Whereas, transfection with hERα without estrogen treatment stimulated the CAR-mediated reporter activity in the absence of the CAR agonist, TCPOBOP (Figure 4) . Treatment with the estrogen, however, abolished the stimulatory effect of hERα on the CAR-mediated transactivation. More interestingly, the potentiation of the CAR-mediated transactivation of PBRU by TCPOBOP was significantly repressed by MoxE2 only in the presence of hERα (Figure 4) .
Discussion
Recent studies (Deroo and Korach, 2006; Glass, 2006) indicate that multiple molecular mechanisms may be used by different members of the nuclear receptor family to regulate signal-dependent gene activation. This study demonstrates that ER may modulate transcriptional activity of xenobiotic nuclear receptors, SXR and CAR.
Both rifampicin and corticosterone stimulated the SXR-mediated transactivation of LXRE and estrogen had repressive effects on the ligandbound SXR transcriptional activity. These results are consistent with a previous report that corticosterone is a potent ligand specific for SXR and not for ER (Blumberg et al., 1998) , and suggest a functional cross-talk between ER and SXR in HepG2 cells. This regulatory role of estrogen in LXRE transactivation may have physiological implications in the bile acid homeostasis in the liver. Estrogens have been reported to cause hepatotoxicity such as intrahepatic cholestasis during pregnancy (Schreiber and Simon, 1983) . A recent study demonstrated that ERα mediates alterations of bile acid biosynthesis and repression of multiple hepatic bile acid and cholesterol transporters that contribute to liver damage (Yamamoto et al., 2006) . Bile acid homeostasis is tightly regulated by multiple nuclear receptors including SXR and CAR in physiological and pathological conditions (Karpen, 2002; Francis et al., 2003; Guo et al., 2003) . The activation of SXR inhibits production of bile acids by inhibiting expression of CYP7A1, the ratelimiting enzyme for bile acid biosynthesis, and inducing organic anion transporting polypeptide 2 which increases bile acid uptake from sinusoidal blood to the hepatocytes (Staudinger et al., 2001; Xie et al., 2001) . CAR induces sulfotransferase 2A1, which is an enzyme to sulfate hydroxy-bile acids and steroids, and multidrug resistance-associated protein 4 in order to prevent toxic bile acid accumulation (Assem et al., 2004) . Double nullmouse lacking SXR and CAR was reported to have a more severe disruption of bile acids and cholesterol homeostasis suggesting preventive roles of SXR and CAR in the cholestatic condition (Stedman et al., 2005; Uppal et al., 2005) . In addition, an ERα antagonist, tamoxifen, decreased alkaline phosphatase levels in primary biliary cirrhosis patients suggesting that inhibition of ERα action may have anti-cholestasis effect (Invernizzi et al., 2004; Reddy et al., 2004) . Thus, regulation of genes involved in the bile acid homeostasis by ERα plays an important role in estrogen-induced hepatotoxicity. The molecular mechanisms whereby ERα regulates hepatic genes in bile acid homeostasis are not well understood. This study may provide an insight into a possible molecular mechanism whereby estrogen regulate expression of these genes. Estrogen may exert its effects through functional crosstalk between ER and other orphan nuclear receptors such as SXR and LXR which transactivate LXRE present in their target genes. This is also supported by a previous report that some of the genes involved in bile acid metabolism were regulated by LXR and liver receptor homolog (LRH)-1 (Francis et al., 2003; Yamamoto et al., 2006) . However, whether ER modulation of the SXR-mediated transactivation of LXRE involves either direct or indirect interactions between these nuclear receptors remains to be elucidated.
This study also demonstrates that ER may play both inhibitory and stimulatory roles in CAR-mediated transactivation of PBRU depending on the presence of estrogen and CAR ligand. The finding that the estrogen-bound ERα repressed the CARmediated PBRU transactivation enhanced by the CAR agonist may suggest estrogen's regulatory role in the xenobiotic nuclear receptor function by cross-talk between activated ER and CAR. This cross-talk mechanism of the nuclear receptor regulation is consistent with a previous report that ER-mediated transactivation of estrogen responsive genes is repressed by inhibitory cross-talk between ER and CAR (Min et al., 2002b) . The molecular mechanisms whereby estrogen modulates transcriptional activity of CAR are not currently understood. However, two lines of evidence led to speculate that ER may repress the CARmediated transcriptional activity by squelching coactivators in the hepatocytes. Both the orphan nuclear receptor and ER were reported to have common components in their regulatory pathways Tzameli et al., 2000; Min et al., 2002a) . For example, both CAR and ER interact with the p160 coactivators, SRC-1 and GRIP-1, as the important transcriptional coactivators. Furthermore, a previous study (Min et al., 2002b) provided evidence that CAR antagonizes the ER-mediated transcriptional activity by competitively inhibiting the interaction of ER with the p160 coactivators which are essential for ER action.
There may also be other potential mechanisms by which ER represses CAR-mediated transcriptional activity. Ligand-bound ER may interact directly with CAR and form an inactive complex which in turn blocks the dimerization interface with RXR and/or coactivator interacting domain and thus inhibition of CAR binding to PBRU. However, this possibility may be less likely to explain the cross-regulation since the previous studies (Min et al., 2002b) showed that CAR did not interact with ER bound to ERE. On the other hand, ER may also compete with CAR for binding to the PBRU. However, the MoxE2-bound ERα did not induce transactivation of the synthetic PBRU NR1 in transient transfection system of HepG2 (Figure 4) suggesting that ER does not bind to PBRU. Thus, the transcriptional activity of one nuclear receptor may not only be regulated by its cognate ligand but also be modulated by other nuclear receptors through functional cross-talks between the receptors.
It is interesting to find that the CAR-mediated PBRU transactivation was also stimulated by the exogenous hER in the absence of estrogen. It may be that the different conformational structure of the ER from that of estrogen-bound state may recruit and/or release different sets of coregulators to bring about its regulatory effects on transcriptional activity of CAR. However, the mechanism of ER action in the absence of ligand in modulating transcriptional activity of other nuclear receptors such as CAR remains to be elucidated.
In summary, this study demonstrates that estrogen modulates transcriptional activity of SXR and CAR in mediating transactivation of LXRE and PBRU, respectively, of the nuclear receptor target genes through functional cross-talk between ER and the corresponding nuclear receptors.
Methods
Ligand and plasmid
The ligands for ER, E2 and MoxE2, and for SXR, rifampicin and corticosterone were purchased from Sigma Chemical Company (St. Louis, IL). Reporter constructs of CYP2B1PBRU-2C1-luciferase, CYP2B1(NR-1)4-2C1-luciferase, and 4ERE-tk-luciferase that were described before (Liu et al., 1998; Kim et al., 2001; Min et al., 2002a Min et al., , 2002b and (LXRE)3-tk-luciferase were obtained from J. K. Kemper. The ligand for CAR, TCPOBOP, was obtained from B. Kemper. Mouse CAR1 cDNA was isolated from a mouse liver cDNA library by polymerase chain reaction and verified by sequencing. For expression of CAR in mammalian cells, a BamH1/EcoR1 fragment containing the CAR1 cDNA isolated from pGEX2TK-CAR was inserted into pcDNA3 (Invitrogen) digested with the same enzymes to produce pcDNA3-CAR. The expression plasmids for hERα, RXR, and SXR were obtained from J. K. Kemper.
Cell culture
Human HepG2 cells (American Type Culture Collection [ATCC] HB8065) were maintained in 5% CO2 at 37 o C in phenol-red free Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY) supplemented with 10% charcoal dextran-striped calf serum, 100 units/ml penicillin, and 100 μg/ml streptomycin.
Transfection
For transfection, the human hepatoma cells were cultured until about 90% confluence and were transfected using LipofectAMINE 2000 (Invitrogen). Cells were seeded in 24-well plates, and 250 ng of 4ERE-tk-luciferase, 250 ng of (LXRE)3-tk-luciferase, 2 μg of either CYP2B1(NR-1)4-2C1-luciferase or CYP2B1PBRU-2C1-luciferase, 10 ng of pRL-SV40 for measuring the transfection efficiency, and varying amounts of nuclear receptor expression plasmids for hERα (2.5-25 ng), RXR (1 ng), CAR (1 ng), and SXR (5-50 ng) were added to each well. In order to examine the effects of ligand for each receptor, 10 nM of E2, 10 nM of MoxE2, 10 μM of TCPOBOP, and 10 μM of rifampicin and corticosterone were added. The cells were incubated for 16-24 h after transfection, fresh medium containing the ligands was added, and the cells were incubated an additional 24 h.
Dual luciferase assay
The cells were lysed and luciferase activities were determined by the dual luciferase reporter assay system (Promega Biotech). For each sample, the background of extracts from untreated cells was subtracted and the firefly luciferase values were normalized by dividing by the Renilla luciferase values.
Statistical analysis
Data are expressed as means ± SE. Statistical significance was determined by Student's t-test. A value of P ＜ 0.05 was considered statistically significant.
